Lattice structures are an interesting class of materials, which possess superior mechanical properties and offer multifunctional capabilities due to their open internal architecture. 1 These properties include tunable elasticity, negative Poisson's ratio, [2] [3] [4] [5] [6] phononic bandgaps, 7 fluid circulation, 8 thermal management, 9-11 electromagnetic wave interactions, 12, 13 and sensor and actuator integration. 14, 15 The open space topology of the structure can accommodate relatively large internal motions. Equipping these structures with piezoelectric elements at proper locations will enable energy harvesting as the structure deforms. However, there has not been much work done in this area since most of the existing studies focus on the extraction of mechanical indices like elasticity constants. Energy harvesting systems from ambient motion at high output voltages and currents have been done in the past such as by charge accumulation through a moving belt. 16, 17 In the recent past, at the micro level, energy harvesting has MEMS 18 and at the nanoscale, piezo effects coupled with mechanical sources including waves have been found to be feasible. 19, 20 Other concepts such as miniaturized electromagnetic effects for intelligent sensor systems 21, 22 and contact based triboelectric power harvesting systems for powering electronic devices and nanoscale sensors have also been demonstrated. [23] [24] [25] [26] [27] [28] [29] [30] Some of the earliest energy harvesting systems aimed to vibrate a compliant system designed with natural frequency near or within the range of applied loading frequencies. 31 Such linear energy harvesters are relatively simple to design and manufacture but generally suffer from a large drop in off-design performance. 32 To overcome this shortage, spring nonlinearity is sometimes introduced into the system (Duffing oscillators) to allow for a more broadband efficiency due to the "backbone" type resonance curves. [32] [33] [34] [35] [36] [37] To improve the efficiency of the energy harvesting system even more, it is possible to design a bi-stable system. As a result, the potential energy function of the system will show two minima each corresponding to one stable configuration when loaded. This "double-well" type potential function can be induced in several ways, such as strategically placing magnets and harnessing the resulting complex oscillations (Holmes-Moon oscillator). [37] [38] [39] [40] Another common way to induce bi-stability, which is of interest in this study, is to manufacture plates or beams with an initial curvature to allow two separate stable configurations on either side of the flat configuration. [41] [42] [43] The initial curvature is designed so that the ambient mechanical load would be sufficient to rapidly switch the system from one stable configuration to another one. This rapid switching is achieved by a snap-through mechanism. The resulting cyclic deformation is then used to generate electrical energy. 44, 45 This snap-through approach has dual benefits of relative simplicity and lower sensitivity to the variations in the frequency of the applied loads. Therefore, the snap-through mechanism is a good candidate for lightweight energy-harvesting structures which are excited by intermittent background loads moving across the structure. This approach is fundamentally different from earlier designs on energy harvesting from cellular structures which relied solely on vibration of beam elements in the cellular structure, 46 capacitive harnessing of travelling waves, 47 or band-gap energy absorption. [48] [49] [50] Here, we fabricated a square lattice structure with strut length, L, which can undergo large snap-through deformation for energy harvesting, as indicated in Fig. 1 . Figure 1(a) shows the background support structure in the shape of a square with length L 0 < L. Onto this structure, the actual lattice structure, which is depicted in Fig. 1(b) , is mounted. When assembling the square lattice into the background structure, the lattice struts Published by AIP Publishing. 113, 253902-1 bend elastically, as presented in Fig. 1(c) in the final assembled configuration. It is worth mentioning that the background lattice structure is part of the experimental housing (rig) to accommodate the actuating elements in the cellular structure. A large-scale practical version of this conceptual design does not need a background structure.
The rotation of the vertices in the cellular structure allows their beam elements to change their configuration from one stable position to another via snap-through instability. For each unit cell, there are two different equivalent configurations obtained by switching the initial positions of the vertical and horizontal members [ Fig. 1(c) ], i.e., horizontal beams are curved inward and vertical beam curved outward and vice versa. Due to the vertices' rigidity, all beams will remain orthogonal to their adjacent beams at the vertex as shown in Fig. 1(c) . Note that the rotation is planar in the plane of the paper as shown in Fig. 1(d) . A bimorphconfigured piezoelectric (Piezo ceramic bimorph 40 Â 10 Â 0.5 mm, 2 kHz, Steiner & Martins Inc. Doral, FL) is attached to each beam on its middle span as shown in Fig.  1 (e). This bimorph-configuration is made with two layers of PZT (Lead Zirconate Titanate) each with a thickness of 0.2 mm and polarized in their thickness direction with a parallel connection. They are attached to a thin copper plate to complete the circuit. Top faces of PZT plates are wired together and deliver the positive charge. Since PZT elements are hard and brittle ceramics (with the modulus of rupture and modulus of elasticity being 62 MPa and 72 GPa, respectively), the deflections of the beams were kept below 4.5 mm to avoid breakage of PZT elements and at the same time guarantee a large enough deformation to occur. The beams are made of brass with an elastic modulus of E ¼ 100 GPa, and the dimensions are 70 mm, 10 mm, and 0.4 mm for the beam original length, width, and thickness, respectively. The support structure was 3D printed out of VeroWhitePlus (ABS-like polymer, Stratasys Inc.) using Eden260V printer (Startasys Inc. Eden, MN) and assembled employing the stainless steel ball bearing (R168-2Z, McMaster-Carr, Princeton, NJ).
To evaluate the performance of the energy harvester, we designed an experimental setup, as shown in Fig. 1(f) . The experiment is conducted by exciting the system using two linear actuators each acting on separate horizontal and vertical beams. These two actuators [ Fig. 1(f-4) ] are in anti-phase so each would be responsible for initiating one snap-through (or half of a cycle). To control the motion of the actuators, a controlling circuit was developed [ Fig. 1(f-2) ]. This circuit receives the power input from the source [ Fig. 1(f-1) ], while connected to an Arduino Uno microcontroller [ Fig. 1(f-3) ] that is programmed to selectively switch the actuators, producing the desired frequency. Upon the deformation, the piezoelectric element generates electrical energy. The piezoelectric component is connected to a consumption circuit [ Fig. 1(f-6) ]. This circuit consists of either a 25 kX resistor or a 100 lF 16 V capacitor depending on the experiment since two different experiments were conducted using this setup. The generated electricity is recorded using another programmed Arduino Uno microcontroller [ Fig. 1(f-7) ] to record output voltage in time. We conducted a snap-through analysis (Appendix A, supplementary material) for a frame structure with beams initially bent during the assemblage process. A large enough lateral force P on a beam of the frame will induce a snap-through deformation. The snapthrough of one beam will result in consecutive snap-throughs in adjacent beams, and the whole frame will go through the snapped-through deformation. Since the fundamental phenomena are identical for all beams undergoing snap-through, we consider a single beam constrained at both ends for our calculations. The load required for snap-through instability is applied on a single beam element as shown in Fig. 2(a) and is obtained using Castigliano's theorem. Figure 2 (a) shows a beam element of the square cellular structure and parameters used in developing the 1st mode of the snap-through behavior of the beam. The associated energy has a pronounced double-well shape reflecting the bistability of the structure as shown in Fig. 2(b) . Three critical points corresponding to stationary potential energy and the corresponding beam configurations are shown in the figure. For small applied load P, the system will oscillate around one of the stable configurations I or V. However, if the perturbation is large enough or the force exceeds the required force to escape from the potential well, a transition or escape 
from the well is possible. This static force might come from an ambient loading and can be modeled as a concentrated load P acting on the mid-span of the beam. As a larger force is applied, the equilibrium configuration of the system begins to move away from stable position I until it reaches unstable critical point II. At this point, the system is unstable to endure even small perturbations and snaps to the next stable critical point VI, passing through another stable position (configuration without any load, V).
The change in elastic energy for various initial maximum beam deflection, 0 , through this snap-through deformation is shown in Fig. 2(b) as a function of normalized deflection ( 0 À d)/ 0 . The initial equilibrium positions are maintained at no additional external force after locking the system to the initial configuration (curved beam). However, the equilibrium can be changed by applying an external force P. The external force which is required to maintain equilibrium at deflection d can be calculated from the potential energy expression, i.e., P ¼ dU/dd. The details of the elastic energy derivation are presented in Appendix A, supplementary material. Figure 2 (c) shows force P as a function of the imposed displacement. Clearly, incrementally more force is needed initially to maintain equilibrium away from the natural equilibrium points. From equilibrium position I, the force P increases until it reaches point II. A further increase in the load will cause the system to go through snap-through deformation and to jump to point VI. Every level of force can sustain multiple possible equilibrium positions as seen in Fig. 2(c) although spontaneous transition can occur only when the adjacent equilibrium position is energetically favorable. The elastic energy stored in the beam is locally maximum when the beam becomes completely flat, Point III. Note that other modes of buckling could also emerge because of various initial conditions or loading. It is possible to consider snap-through for higher modes of buckling which can occur due to the certain initial conditions. The schematic diagram of the second mode of frame elements is shown in Fig. 2(d) . This initial condition can be obtained by increasing locking force N, leading to the second buckling mode of frame elements. The system can be locked into this initial condition, prior to applying force P, as indicated in Fig. 2(d) . The elastic energy stored in this system with increasing force P is shown in Fig. 2(e) . Just like the first mode of snapthrough, the second mode of snap-through shows a multivalued force deflection behavior as depicted in Fig. 2(f) . At point II, a further increase in the applied load causes the beam elements to snap to equilibrium configuration VI. The maximum force corresponding to point II in this mode is higher than the one corresponding to the first mode due to higher gradients of displacements. This leads to a higher strain field in the beam components. The local maximum of energy stored in the beam occurs at point III where the beam becomes flat. Our piezoelectric element is also subjected to the local maximum deformation at point III. The natural frequency f n of the structure can be calculated using f n ¼ 2p ffiffiffiffiffiffiffiffiffiffiffiffi ðk=mÞ p , where k is the effective stiffness (evaluated at the equilibrium origin from the force-displacement curve) and m the mass of the beam. This yields f n % 10-15 Hz which shows an excellent match with frequency sweep plots. We measured the energy generated in the first mode of snapthrough in this design. The generated power was consumed by a 25 kX resistor. The frequency of deformation is controlled by a microcontroller which can be programmed to load the system at various frequencies between 1 Hz and 25 Hz, representing a typical range of low frequency ambient excitation. 51, 52 We found that this system could generate energy over a wide range of frequencies. Figure 3(a) show RMS voltage generated by the piezoelectric element at loading frequencies of 2, 4, and 10 Hz, respectively. The results show that the signal is stabilizing over the time and the RMS voltage values are 0.32, 0.51, and 0.85 at the loading frequencies of 2 Hz, 4 Hz, and 10 Hz, respectively. For this design with a 25 kX resistor, the structure was able to generate a power of 54.7 lW at a loading frequency of 2 Hz. As the frequency increased to 10 Hz, the energy harvesting capability improved, and the structure was able to scavenge an average of 185 lW. Therefore, this structure can generate a potential difference and energy while working at both the lower and the higher end of the low frequency spectrum. This is critical to provide continuous energy output from the system.
Another set of experiments were conducted to demonstrate the capability of the structure in charging a capacitive power source. Figure 3(b) shows the stored voltage versus the number of cycles, where each cycle consisted of two consecutive snaps. At the end of the second snap, the beams return to their initial curved configuration. For charging a capacitor, the stored voltage apparently depends on the number of cycles and frequency has little effect, as shown in Fig.  3(b) . The current output on the capacitor at different frequencies over a number of cycles as well as the power value is calculated based on the voltage and current outputs which are presented in Figs. 3(c) and 3(d) , respectively. Since it is critical to have a continuous output of energy, it is desirable to understand the effect of defects on the voltage and energy output of the system. We considered one type of defect which would impair the adjacent beams from rotating. Therefore, the experiment was repeated this time by fixing one vertex of the unit cell and data were recorded from the beam adjacent to the fixed hinge. The same frequencies as the previous setup were used in this experiment. The results of the experiment on the defective structure are shown in Fig. 4(a) . The experiment on charging capability of the capacitor was also re-done by using the same capacitor (100 lF), Fig. 4(b) . The generated RMS voltage on 25 kX for loading frequencies of 2 Hz, 4 Hz, and 10 Hz was 0.15 V, 0.25 V, and 0.25 V, respectively. As expected, the voltage and energy scavenged are adversely impacted by the presence of defect, but the device does not fail completely. A shift to the second mode adversely affects the strain profile as local strains decrease in the magnitude corresponding to the piezo location. Furthermore, due to the direction change, voltage cancellation can also take place. Our experiments also show that the device is more sensitive to defects at higher applied loading frequency. Figure 4(b) shows that it takes about 125 cycles of deformation in the defective structure to charge the capacitor to 2 V compared to about 80 cycles for the defect free structure. The unit cell design described in Fig. 1 can be juxtaposed to create a large cellular structure with multiple snap-though deformations which results in higher energy harvesting capability (see Fig. S1 in Appendix B, supplementary material). Possible designs utilizing this system could be a large cellular structure supported in the bottom by a rigid wall, while the upper part of this system is loaded by moving the load from one cell to the next. Although different choices and configurations of resistors can be considered, a more detailed study on these effects on electrical indices is beyond the scope of this letter.
An energy harvesting system based on a snap-through mechanism was developed to harness energy from the deformation of a lattice structure. The voltage generated by this device depends on the applied loading frequencies. But the voltage and energy stored in a capacitor were independent of loading frequencies. Note that the optimal load resistance would depend on both structural (vibration mode) and circuit parameters (capacitance). [53] [54] [55] The exact relationship depends on the structural setup and is not investigated in this letter. We also showed that the unit cells can be juxtaposed to build a larger cellular structure with multiple snap-through mechanisms. The results indicated that even with structural defects, the device was functional but at a lower efficiency.
See supplementary material for a detailed snap-through analysis and elastic energy derivation. The structure's capability to deform between two different configurations only 
